Transport coefficients serve as important probes in characterizing the QCD matter created in highenergy heavy-ion collisions. Thermal and electrical conductivities as transport coefficients have got special significance in studying the time evolution of the created matter. We have adopted color string percolation approach for the estimation of thermal conductivity (κ), electrical conductivity (σ el ) and their ratio, which is popularly known as Wiedemann-Franz law in condensed matter physics. The ratio κ/σ el T , which is also known as Lorenz number (L) is studied as a function of temperature and is compared with various theoretical calculations. We observe that the thermal conductivity for hot QCD medium is almost temperature independent in the present formalism and matches with the results obtained in ideal equation of state (EOS) for quark-gluon plasma with fixed coupling constant (αs). The obtained Lorenz number is compared with the Stefan-Boltzmann limit for an ideal gas. We observe that a hot QCD medium with color degrees of freedom behaves like a free electron gas.
I. INTRODUCTION
Ultrarelativistic heavy-ion collision programmes such as Relativistic Heavy-Ion Collider (RHIC) at BNL and Large Hadron Collider (LHC) at CERN possibly create a deconfined state of quarks and gluons called quarkgluon plasma (QGP). At these experimental facilities, an ample amount of data have been collected, which help us to understand the thermodynamic and transport properties of the created matter. Analysis of the experimental observables such as transverse momentum spectra and collective flow of charged hadrons or electromagnetic probes necessitates the inclusion of transport parameters in their estimation. This motivates to study the transport properties of the hot QCD matter produced in heavy-ion collisions. The first experimental proof of the transport processes in the created medium is given by explaining the charged hadrons elliptic flow measured at RHIC [1] using dissipative hydrodynamics [2] . Recently, ALICE results [3] [4] [5] [6] [7] [8] have reconfirmed the relevance of these transport processes. Currently, the transport coefficients under intense investigations are shear viscosity (η), bulk viscosity (ζ), electrical conductivity (σ el ) and thermal conductivity (κ).
The space-time evolution of the system formed in ultra-relativistic high energy collisions can be quantified by the energy-momentum dissipation. The velocity gradient between the adjacent layers of the system resulting distortion in momentum distribution of the system quanta gives rise to viscous forces. Like momentum distortion, thermal dissipation also happens due to temperature gradient in the system. This can be described in terms of thermal conductivity for a system with conserved baryon current density. A strong electromagnetic field is generated in the early stages of non-central heavyion collisions, which is of the order of m 2 π . To quantify the impact of the fields on electromagnetically charged QCD medium produced, the electrical conductivity plays an important role. It gives a measure of the electric current being induced in the response of the early stage electric field [9] . The ratios between thermal and electrical conductivity can reflect the competition between momentum transport, heat transport in the medium, respectively, leading to the verification of Wiedemann-Franz Law for a QCD medium. The electrical conductivity plays an important role in quantifying the impact of the fields on electromagnetically charged medium. It measures the electric current induced in the response of the early stage electric field. However, the thermal conductivity has a crucial role in the hydrodynamic evolution of the medium created specially at FAIR energies and in the low energy runs at RHIC, where baryon chemical potential is significant. In Ref. [10] , it is shown that the thermal conductivity diverges at the critical point and also used to study the impact of hydrodynamic fluctuations on experimental observables. Recently, various transport coefficients such as electrical conductivity and thermal conductivity for QGP are studied using the quasi-particle model. In these works, the Chapman-Enskog technique is employed from kinetic theory of many particle system with a collision term that includes the binary collisions of quarks/antiquarks and gluons [9, 11] .
Color String Percolation Model which is inspired by QCD [12] [13] [14] [15] [16] Color Glass Condensate (CGC). The color flux tubes are stretched between the colliding partons in terms of the color field in the color string percolation scenario.pair is produced from strings in a similar way as in the Schwinger mechanism of pair creation in a constant electric field covering all the space [17] . When the energy and the number of nucleons of participating nuclei increase, the number of strings grows. Color strings may be viewed as small discs in the transverse space filled with the color field created by colliding quarks and gluons. The number of strings grows as collision energy and size of the colliding nuclei increase and starts overlapping to form clusters. When a critical string density is reached, a macroscopic cluster appears that marks the percolation phase transition which spans the transverse nuclear interaction area. 2-dimensional percolation is a non-thermal second order phase transition. In CSPM, the Schwinger barrier penetration mechanism for particle production, the fluctuations in the associated string tension and the quantum fluctuations of the color fields make it possible to define a thermodynamical equilibrium temperature. Consequently, the particle spectrum is produced with a thermal distribution. When the initial density of interacting colored strings (ξ) exceeds the 2D percolation threshold (ξ c ) i.e. ξ > ξ c , a macroscopic cluster appears, which defines the onset of color deconfinement. The critical density of percolation is related to the effective critical temperature and thus percolation may be a possible way to achieve deconfinement in heavy-ion collisions [18] and in high multiplicity pp collisions [19, 20] . It is observed that, CSPM can be successfully used to describe the initial stages in ultrarelativistic high energy collisions [17] . Recently, we have studied the temperature dependence of electrical conductivity and shear viscosity to entropy density for strongly interacting matter using CSPM [21] . We have also studied the collision energies, collision centrality and colliding system size dependence of various thermodynamical and transport properties for the strongly interacting matter in a color string percolation approach [22, 23] . In our earlier work [21] , we had an extensive study of electrical conductivity of hot QCD matter using the CSPM approach. In the present report, we extend the work to include the thermal conductivity and study the famous Wiedemann-Franz law of condensed matter physics for a system with color degrees of freedom possibly created in heavy-ion collisions at the relativistic energies or in high-multiplicity proton-proton collisions at the LHC energies.
The manuscript is organized as follows: Section II encompasses the derivation of electrical and thermal conductivities in color string percolation model (CSPM). The obtained results using the formulations have been discussed in Section III. Finally, we present the summary of the work with possible outlook in Section IV.
II. FORMULATION
In this section, we present the derivation of the electrical and thermal conductivities using CSPM for hot QCD matter and study the temperature dependence of the Lorenz number.
A. Electrical Conductivity
First, we formulate the electrical conductivity of strongly interacting matter using the color string percolation approach. To start with we need to revisit the basic formalism of CSPM. A parameterisation of pp collisions at √ s = 200 GeV for central Au+Au collisions is used to compute the percolation density parameter, ξ by using the p T distribution. And the parameterisation is given as [21] [22] [23] ,
where, a is the normalisation factor and p 0 , α are fitting parameters given as, p 0 = 1.982 and α = 12.877 [17] . Due to the low string overlap probability in pp collisions there is less probability for percolation to happen, so the fit parameters extracted by fitting p T distribution of pp collisions at √ s = 200 GeV are used to evaluate the interactions of the strings in Au+Au collisions. The modified parameterisation is given as,
Here, S n represents the area occupied by n overlapping strings. Now,
where, F (ξ) is the color suppression factor, which is given as,
To calculate the electrical conductivity of strongly interacting matter, which is one of the most important transport properties of QCD matter, we proceed as follows. The mean free path (λ mfp ), which denotes the relaxation of the system far from equilibrium can be written in terms of number density (n) of an ideal gas of quarks and gluons and the transport cross-section (σ tr ). i.e.
In CSPM the number density is given by the effective number of sources per unit volume:
Here, L is the longitudinal extension of the string ∼1 fm. The area occupied by the strings is given by the relation (1 − e −ξ )S n . Thus, the effective number of sources is given by the total area occupied by the strings divided by the area of an effective string, S 1 F (ξ) as shown below,
In general, N sources is smaller than the number of single strings. In the limit, ξ = 0, N sources equals to the number of strings N s . So,
Now, using eqs. 5 and 8, the λ mfp can be expressed in terms of percolation density parameter,
where σ tr , the transverse area of the effective strings equals to S 1 F (ξ). Now we use Anderson-Witting model to derive the formula for electrical conductivity in which the Boltzmann transport equation is given as [24] ,
where
is the full distribution function and f eq,k is the equilibrium distribution function of k th species. τ is the mean time between collisions and u µ denotes the fluid four velocity in the local rest frame. Eq. 10 provides the calculation of the quark distribution after applying the electric field. The gluon distribution function remains thermal and unaffected by electric field. The assumptions that, there are as many quarks (charge q) as anti-quarks (charge -q) and uncharged gluons in the system is considered. F αβ is the electromagnetic field strength tensor, which in terms of electric field and the magnetic flux tensor is given as [25] ,
The magnetic field is set to zero, B µν = 0 in the calculations, as we are interested in the study of the effect of electric field on the system. The electric current density of the k th species in the x-direction is given as,
According to Ohm's law, j x k = σ el E x . Using eq. 12 and relation n k = g k T 3 /π 2 , electrical conductivity in the assumption of very small electric field and no cross effects between heat and electrical conductivity in the relaxation time approximation is given by,
Putting the expression of λ mfp in eq. 13 and only considering the density of up quark (u) and its antiquark (ū) in the calculation, we get the expression for σ el as,
Here, the pre-factor 4/9 reflects the fractional quark charge squared ( f q 2 f ; q f = 2 3 ) and n q denotes the total density of quarks or antiquarks. Here, e 2 in the natural unit is taken as 4πα, where α = 1/137.
B. Thermal Conductivity
Thermal conductivity (κ) is another interesting observable, which describes the heat flow in interacting systems [26, 27] and gained a recent interest in ultrarelativistic heavy-ion collisions [28, 29] . κ in CSPM is derived as follows:
The heat current density, j Q , i.e. the amount of thermal energy crossing an unit area per unit time is proportional to the temperature gradient,
where κ is the thermal conductivity. Hot and dense matter also called fireball created in heavy-ion collisions gives rise to numerous partons, which involve in the process of heat conduction in the fireball. Heat conduction happens both by quarks and gluons in the form of thermal energy.
From kinetic theory of gases, the thermal conductivity, κ is evaluated by using the formula, 31] . Here C V is the specific heat per unit volume, v F is the Fermi velocity and τ is the mean free time of partons. Now, κ using the expression of specific heat [32] is written as,
Here the Fermi temperature (T F ) is defined as, T F = E F /k B and Fermi energy, E F can be expressed as 1 2 mv 2 F . Now the above equation can be expressed for a system of partons as,
In natural unit, k B = 1 and m can be written as, m = 3T , thermal conductivity for strongly interacting matter then becomes,
In the context of CSPM, the above equation is reduced by using the expression of λ mfp as,
The relation between electrical conductivity σ el , and thermal conductivity κ, for any substance can be understood in terms of the Wiedemann-Franz law. The basic mathematical statement of the law is,
The Lorentz number, L is a constant which quantifies the system as good electrical as well as thermal conductors. To understand the quantum aspects of its liquidity of the QCD system Wiedemann-Franz law becomes relevant.
III. RESULTS AND DISCUSSIONS
In this section, we discuss the results obtained in CSPM along with other theoretical results calculated in various approaches. We first time use color string percolation model to calculate thermal conductivity for hot QCD matter. For this, we use a very simple Drude model for electron. In CSPM, we assume that the strings break into equal number of quarks and antiquarks.
The dimensionless quantity, κ/T 2 as a function of [33] . The calculations of κ obtained in Ideal EOS for QCD medium are also shown in the figure where non-interacting quarks and gluons are considered [9] . The green dotted line and red dash-dotted line are the results for µ q = 0 and 0.1 GeV, respectively. We have also shown the results obtained in effective fugacity quasiparticle model (EQPM) [9] . The EQPM includes the hot QCD medium effects in terms of effective quasi-partons (quasi-gluons, quasi-quarks/antiquarks). The hot QCD medium effects present in the hot QCD equations of states (EOSs), computed within either improved perturbative QCD (pQCD) or lattice QCD simulations are mapped onto the effective equilibrium distribution functions for the quasi-partons. In Ref. [9] , the EQPM with QCD equation of state at O(g 5 ) (EOS1) and O(g 6 ln(1/g) + δ) (EOS2), along with 2 + 1− flavor lattice QCD equation of state (LEOS) has been exploited. Results in all the cases shown in the figure, initially decrease rapidly with the temperature around twice the critical temperature and then saturates at a higher tem- perature. Our CSPM calculations show almost independent behaviour with respect to temperature. Our CSPMbased results for electrical conductivity in a Drude-like model have been reported recently [21] .
The interplay between electrical and thermal conductivity for any substance can be understood via studying the Wiedemann-Franz law which helps in understanding the relative importance between the charge diffusion and heat diffusion in any medim or substances. The ratio of thermal diffusion to charge diffusion or else called Lorenz number (L) is depicted in Fig. 2 . For instance, the Lorenz number is constant for metals which infers that metals are good thermal conductors as well as electrical conductors. The study of the Lorenz number for hot QCD medium can throw light on the relation between electrical and thermal conduction in this medium. We find that, L is almost independent of T/T c in CSPM. The value from CSPM is closer to the Stefan-Boltzmann (SB) limit of an ultra-relativistic gas of gluons and quarks. The solid red and green dashed lines are the results obtained in the famework of ideal EOS for quarks and gluons. The former is for the fixed strong coupling strength (α s = 0.3), which shows a weak dependence on temperature particularly at a lower T, while the latter which is for running coupling constant first increases with T and becomes constant at a higher temperature. Again, we show the effective fugacity quasiparticle model (EQPM) results with various version of its equation of states [9] . All the results obtained in EQPM shown by the solid blue, red dash-dotted and black dashed lines in the figure initially decrease rapidly and saturate at a higher T.
IV. SUMMARY AND OUTLOOK
In this work, for the first time we use a color string percolation approach to study the temperature dependence of thermal conductivity of hot QCD matter. We also study the ratio of thermal conductivity and electrical conductivity as a function of temperature. We have revisited the well known Wiedemann-Franz law for strongly interacting matter using CSPM. We compare our CSPM results with various versions of effective fugacity quasiparticle model and ideal equation of state for quarks and gluons degrees of freedom. We find a temperature independent thermal conductivity in CSPM while in other theoretical calculations thermal conductivity decreases upto T∼1-2 T c and then saturates at a higher temperature. The ratio of thermal conductivity to electrical conductivity also shows a temperature independence behaviour CSPM approach and ideal EOS. EQPM results again show initial decrease with T and saturation afterwards. Since, the lattice QCD results of thermal conductivity are not available, a theoretical study of Wiedemann-Franz law for a hot QCD medium with color degrees of freedom could be important in understanding its behaviour near critical temperature. The Lorenz number for a hot QCD medium shows a similar behaviour like free electrons in metals approaching to a number expected for a Stefan-Boltzmann limit of an ideal gas.
